Very weak electrical, magnetic and ultrasound signal stimulations are known to promote the formation, metabolism, restoration and stability of bone and surrounding tissues after treatment and operations. We have therefore investigated the possibility of intraoral generation of electricity and magnetism by occlusal force in an in vitro study. Biting bimorph piezoelectric elements with lead zirconate titanate (PZT) using dental models generated appropriate magnetism for bone formation, i.e. 0.5-0.6 gauss, and lower electric currents and higher voltages, i.e. 2.0-6.0 μA at 10-22 V (appropriate levels are 30 μA and 1.25 V), as observed by a universal testing machine. The electric currents and voltages could be changed using amplifier circuits. These results show that intraoral generation of electricity and magnetism is possible and could provide post-operative stabilization and activation of treated areas of bone and the surrounding tissues directly and/or indirectly by electrical, magnetic and ultrasound stimulation, which could accelerate healing.
INTRODUCTION
Studies of formation, restoration and remodeling of bone and surrounding tissues by electrical stimulation started when previous researchers showed that bone was a piezoelectric substance 1) . This indicated the possibility that the electric potential induced in bone by the pressure of gravity and walking could promote bone remodeling and metabolism in the restoration process. In orthopedics, electrical stimulation by direct and alternating electric currents using invasive or semi-invasive methods, pulsing electromagnetic fields and capacitively coupled electric fields, magnetic stimulation, and ultrasound stimulation were applied to patients, and elevation of the bone mineral density and good bone restoration were observed [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Recently, good results were obtained in both in vivo [13] [14] [15] [16] [17] studies and in vitro studies using cultured bone and surrounding tissue-derived tissues and cells [18] [19] [20] [21] [22] [23] [24] [25] [26] . However, very few studies of this area were available in the dental field 27, 28) . The reasons for this generally relate to the methods of electrical supply. When these appliances are applied to limbs, battery packs can be carried by the patient or placed near the target area. However, in the cases where these appliances are used for dental treatment, the appliances must be placed in the oral cavity, while the battery packs must be placed outside the oral cavity and connected to the intraoral appliances by electrical wires. These conditions produce several problems that make it difficult to apply the appliances to the oral area, including appearance, electric leakage and trouble using the devices in daily life.
Recent development efforts in piezoelectric elements have focused on their abilities for electrical generation without releasing carbon dioxide to address environmental problems, and these devices have been applied experimentally to the illumination of highways, railway stations and city halls by using them for an electrical generation floor. In contrast, there are many potential sources for electric generation in the oral cavity, including biting force and temperature differences. In this study, we have investigated a mechanism of electric generation using piezoelectric elements for collection of unused biting energy for an electric generation method known as "power harvesting". The electricity generated could be used to operate appliances for electrical, magnetic and ultrasound stimulation of bone and the surrounding tissues.
MATERIALS AND METHODS

Materials
We used non-conducting materials, including epoxy resin, acrylic resin and urethane for the dental models, stages, screws and other components that touch the piezoelectric elements that were directly prepared for this experiment. From the results of the preliminary experiments, the efficiency of electricity generation by multilayer and unimorph piezoelectric elements was very low and instantaneous, so bimorph piezoelectric elements were selected for this study (Figs. 1a-c 
Measurement of electrical power
For measurement of the electric power generated by biting the piezoelectric elements, we created dental models, excluding the lower left molars, using epoxy resin. Bimorph piezoelectric elements with lead zirconate titanate (PZT) (Kyoto Creative Imagine Co. Ltd., Kyoto, Japan) were set at the lower left canine and premolars of the epoxy resin models with acrylic screws acting as insulators (Figs. 2a-c) . The upper models were set up to bite the center of the PZT of the piezoelectric elements of the lower models using a universal testing machine (AG-I, Shimadzu Corporation, Kyoto, Japan) with bending distances of 0.2, 0.4 and 0.6 mm (maximum loading was approximately 590 N≈60 kgf) at 60 cycles/ min, and electricity generation was measured using a digital multimeter (7351A/E, ADC Corporation, Tokyo, Japan) in AC+DC mode (i.e. voltage=(ACV 2 +DCV 2 ) 1/2 , and current=(ACI 2 +DCI 2 ) 1/2 ), which were connected to computers to record the experimental results (Figs. 2b, 2c). From the results of preliminary study, electricity generated by piezoelectric elements was ostensibly alternating current, so its value measured in AC+DC mode was practically identical to that in AC mode.
Measurement of magnetic power
For measurement of the magnetic power generated by biting the piezoelectric elements, we used a fatigue testing machine (Figs. 3a-c). Similar to the experiments for the measurement of the electric power, we set the bimorph piezoelectric elements on acrylic tables using acrylic screws with a bending distance of 0.6 mm at the center of the elements at 60 cycles/min. The magnetic power generated by pushing the elements using a testing machine was measured using a gauss meter (measurable frequency range of 0-500 Hz; HGM-3000P, Toyo Jiki Kogyo Corporation, Saitama, Japan), with probes placed 1 cm from the elements at the X-Y position of each measuring point, as shown in Fig. 3b . For these measurements, we also checked the magnetic field around the testing machine, and especially around its motor, because the motor itself contained magnets. For measurement of the magnetic field, we covered the testing machine motor with a magnetic shielding sheet. We confirmed that magnetic fields would not be detected at the measuring points when the testing machine was working at the point where it was not pushing the piezoelectric elements.
Data and statistical analysis
First, we examined twenty bimorph piezoelectric component elements and checked their quality for any unevenness or cracking of the PZT caused by biting or pushing with the test machines. After that, we chose four good quality elements. Data from each experiment using these good elements was obtained, and three out of five of the data values for each element were used, which meant that the maximum and minimum data values were removed. The three measured data values for each of the four good elements, giving a total of 12 data values, were calculated and represented statistically as means±standard deviations. The statistical significance of the differences between the group means was determined by a t-test.
RESULTS
Generation of electric power by biting piezoelectric elements
When the upper dental model bit the piezoelectric elements, it generated electric power in response to the cycle of loading by the universal testing machine. The electric currents produced by each piezoelectric element bending distance were 2.38 μAp at 0.2 mm, 5.30 μAp at 0.4 mm and 5.60 μAp at 0.6 mm ( Table 1, Fig. 4 ). The Fig. 4 ). The electric current generated by biting the elements increased as bending increased from 0.2 mm to 0.4 mm, but the currents produced by 0.4 mm and 0.6 mm bending of the elements were almost the same. The voltages generated by biting the elements increased linearly with increasing bending distance from 0.2 to 0.6 mm.
Generation of magnetic power by pushing piezoelectric elements
With regard to the magnetic power generated by the piezoelectric elements when using the fatigue testing machine, we could not detect magnetism from fixed points to the center points of the piezoelectric elements at the expanded side (Table 2, Fig. 5 ). However, magnetism could be detected from the center points of the elements to the point at which the force is applied at both the expanded and the compressed sides. At the expanded side, the detected magnetic powers were 0.01 G, 0.07 G, and 0.03 G at the Y0, Y+1, and Y+2 points of any of the X points, respectively (Table 2, Fig. 5 ). At the compressed side, the detected magnetic powers were 0.50 G at any Y point of the X0 position, 0.57 G, 0.43 G, and 0.53 G at the Y0, Y+1 and Y+2 points of the X+1 position, and 0.60 G, 0.50 G and 0.47 G at the Y, Y+1 and Y+2 points of the X+2 position, respectively ( Table 2 , Fig. 5 ). The magnetic powers generated by the pushing elements exhibited higher values. On the compressed side, higher magnetic powers were detected at the points at the Y0 position (points on the elements), furthest from the points fixed to the stage. For the points which were not on the elements, the magnetic powers generated by the elements were stronger at positions nearer to the elements.
DISCUSSION
The knowledge that bone is a piezoelectric substance led to studies of bone formation, restoration and remodeling by electrical stimulation 1) . It was found that, in addition to electrical stimulation, both magnetic and ultrasound stimulation were also able to activate bone and surrounding tissue formation and restoration . In orthopedic applications, these types of stimulation were applied to patients, and elevation of bone mineral density and good bone restoration were observed [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, very few of the studies in this area were in the dental field 27, 28) . This is generally because of the ways in which the electrical supply is connected to the stimulation appliances, i.e. a battery package outside the oral cavity. In this study, we therefore considered the possibility of intraoral electric generation by biting Statistical differences were found at the same XY points between the expanded side and the compressed side; all significant differences were found by the t-test (P<0.01).
** ** ** ** ** ** * ** ** ** piezoelectric elements, which could supply electrical power to such appliances without external wiring. According to the alternating electrical stimulation required for bone restoration in orthopedic fields, the appropriate electric current is 0-50 μAp (fixed at 30 μAp for activation of bone formation) and the voltage is 1.25 Vp 29, 30) . The results of this study indicated that the electrical power was successfully generated by biting piezoelectric elements, with 2.0-6.0 μAp of electric current and voltages of 10-22 Vp for 0.2-0.6 mm bending of the elements (Table 1, Fig. 4) . The electric currents generated by biting the elements increased as the bending increased from 0.2 mm to 0.4 mm, while the currents generated by 0.4 mm and 0.6 mm bending of the elements were almost the same. Voltages generated by biting the elements increased linearly with the bending distance. The generated values of electric current and voltage could be altered using an amplifier circuit to produce the appropriate combination of current and voltage required for the treatment. When using other methods for application of this electric power for treatment, the generated power could be used to charge a condenser or small battery for later use. However, the results of this study show that sufficient electric power can be generated for the appropriate electrical stimulation for bone activation.
With regard to similar use of magnetic power, other researchers have reported (a) treatment by use of either a single application of a 2 gauss field for 8-14 h per day or three applications of an 800 gauss field for 30 min per day, and (b) experimental bone formation observed under the application of a 0.4-2.0 gauss magnetic field 29, 30) . In this study, 0.5-0.6 gauss magnetic fields generated by the piezoelectric elements were observed (Table 2 , Fig. 5 ). Magnetic power generated by pushing elements exhibited higher values as the measurement points moved further away from the points fixed to the stage. Also, higher magnetic powers were detected at the compressed side than at the expanded side of the elements. These observations indicated that stronger magnetic power should be obtained at the side opposite to the occlusal side of the elements, which could be useful for the application of magnetic power from the piezoelectric elements to bone activation. Also, magnetic power was generated by biting or pushing the piezoelectric elements at the same time as the electric power was generated. Double stimulation for the bone and surrounding tissues might prove more effective for bone activation and restoration. Also, the piezoelectric elements are known to produce ultrasound when the electricity is generated. This indicated that the elements could produce ultrasound by using the electricity generated by the biting elements.
The possibility of intraoral electric generation by using the energy from the biting force of the patient led us to the possibility of activation and restoration of bone and its surrounding tissues by electrical, magnetic and ultrasound stimulation, and this may be very important in the dental field. In the orthodontic field, shortening of the periods for active tooth movement, and reduction of the relapses caused by activated bone formation in retention by introducing elements to the appliances, mini screw implants and retainers are expected. Also, restoration of the tissues with sutures can be expected to be fast and to have better quality after introducing these elements. In the oral surgery field, faster and better quality bone restoration after the types of operation involving dental implants can be expected. In the prosthetics field, activation of the bone and nervous tissue stimulated by the oral mucosa with electricity generated using elements in dentures for the prevention of dementia, and a new type of attachment using the electromagnetic power for attachment of the dentures only at biting periods might be realized. In other dental fields, there is the possibility that electricity, magnetism and ultrasound generated by biting using piezoelectric elements could realize the activation of bone formation and prevent the resorption of bone tissue caused by periodontitis, along with activation of the affected dental pulp.
The results shown in this paper indicate that intraoral appliances for bone and surrounding tissue restoration and formation by electrical, magnetic and ultrasound stimulation can be supplied using the electricity generated by biting of piezoelectric elements by the patients themselves.
CONCLUSION
We examined the possibility of intraoral generation of electricity and magnetism by biting piezoelectric elements. The results obtained in this study are summarized as follows:
1. Biting of piezoelectric elements can generate electricity. 2. The electric power generated by biting these elements is at an appropriate level for the formation and restoration of bone and surrounding tissues (25-120 μW). 3. Biting of piezoelectric elements can also generate magnetism. 4. The magnetic power generated by biting these elements is also at an appropriate level for the formation and restoration of bone and surrounding tissues (0.5-0.6 G). In addition to the use of the piezoelectric elements to directly generate electrical and magnetic power by biting, electric power could also be supplied to the appliances by producing electric power, magnetic power or ultrasound without the use of electric wires.
